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Abstract The DNA-binding activity of the NtrC protein can be demonstrated in gel retardation assays with concentrated protein extracts of 
Rhizobium etli. Using extracts from either the wild type or a ntrC mutant strain and an antiserum raised against he NtrC protein, we demonstrate 
specific binding of NtrC to the upstream regulatory region of the glnllgene, where two putative NtrC-binding sites are present. KNOg-grown bacteria 
contain less NtrC protein and more NtrC-binding activity than NH,Cl-grown bacteria, thus showing that with this protocol it is possible to detect 
changes in N&C-binding activity. The advantages of this assay system in comparison with that using pure proteins is discussed. 
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1. Introduction 
The response to nitrogen starvation is the most extensively 
investigated signal transduction pathway of prokaryotes. The 
two terminal components of this pathway are the protein kinase 
NtrB and the transcriptional regulatory protein NtrC, encoded 
by the ntrB and ntrC genes, respectively [l-2]. NtrC acts either 
to activate or repress transcription of its target genes through 
the binding to specific DNA sequences [3]. The transcriptional 
activity of NtrC is modulated by phosphorylation/ 
dephosphorylation in a reaction catalyzed by NtrB and the 
regulatory protein Pii (encoded by the glnB gene). P,, in turn 
appears to be regulated by the uridyl transfer/uridyl removing 
enzyme (encoded by the glnD gene), which senses the intracel- 
lular glutamine to a-ketoglutarate ratio [4-51. In enteric bacte- 
ria, under nitrogen-limiting conditions, the active 
(phosphorylated) form of NtrC enhances transcription at its 
own promoter and as a consequence NtrC concentration in- 
creases 16fold. Therefore, a switch from nitrogen-excess to 
nitrogen-limiting conditions causes an increase both in NtrC 
activity (namely phosphorylation) and concentration [67]. 
It was previously shown that in Rhizobium leguminosarum 
biovar phaseoli (recently reclassified as Rhizobium etli [8]) the 
transcription of the glnllgene, coding for the glutamine synthe- 
tase II enzyme, is regulated in response to nitrogen availability 
[9]. The glnZZ gene is transcribed from a single - 24/- 12 (o%- 
dependent) nitrogen-regulated promoter [lo], which is induced 
8- to IO-fold when the wild type strain of R. etli is grown on 
KNO, as compared to NH&l as a sole nitrogen source. A 
promoter deletion analysis shows that a c&-acting sequence 
(between positions -316 and -219 with respect to the tran- 
scription initiation site) is essential to promote glnZZ transcrip- 
tion. Furthermore, the absence of promoter activity in a ntrC 
mutant strain indicates that this c&acting sequence functions 
through the binding of either NtrC or another trans-acting 
factor(s), absent or inactive in the ntrC_ strain. 
*Corresponding author. Fax: (39) (81) 725 7319. 
Abbreviations: PMSF, phenylmethylsulfonyl fluoride; HEPES, N-(2- 
hydroxyethyl)piperazine-N-(ethanesulfonic acid); EDTA, (ethylened- 
initrilo)tetraacetic acid. 
In R etli the expression of the ntrB and ntrC genes is 2-to- 
3-fold higher when bacteria are grown in NH&l as compared 
to growth in KNOJ and is negatively autoregulated by NtrC 
[ 111. The switch from nitrogen-excess to nitrogen-limiting con- 
ditions causes an increase in transcription of glnZZ, a putative 
target of NtrC action, while NtrC concentration slowly de- 
creases to a 2-to-3-fold lower level. 
We demonstrate here that NtrC is the activator of glnZZ 
transcription since it specifically binds to the glnZZ promoter 
regulatory region. By using a method previously described [121 
for the preparation of yeast DNA-binding proteins we show 
that NtrC-binding activity is higher in protein extracts prepared 
from KNO,-grown bacteria as compared to that from NH&l- 
grown bacteria, thus suggesting that with this method it is 
possible to detect changes in NtrC-binding activity in the pres- 
ence of other factor(s) that might influence it. 
2. Materials and methods 
2.1. Bacterial strains and media 
R et/i wild type strain CE3 and strain CFN2012, a ntrC::TnS deriv- 
ative of CE3 [9], were grown at 30°C in minimal medium (RMM; [13]) 
with NH&l or KNOr as sole nitrogen source, each at a concentration 
of 1 g. I-‘. When NH&l was used, 100 mM 3-(N-mor- 
pholino)propanesulfonic acid pH 7.2 was also added [14]. Antibiotics 
used were @g ml- ‘): nalidixic acid (20); kanamycin (30). 
2.2. Preparation of protein extracts 
Extracts were prepared using minor modifications of a protocol 
previously described [12]. The bacterial pellet from a 200 ml logarithmic 
phase R etli culture (ODrw of 0.5 to 0.6) was resuspended with 10 ml 
of cold extraction buffer (200 mM Tris-HCl pH 8,400 mM (NH&SO+ 
1 mM EDTA, 10% glycerol, 1 mM PMSF and 7 mM p-mercaptoetha- 
nol). After centrifugation for 5 min at 5,000 rpm, the pellets were 
resuspended in 2 ml of extraction buffer and disrupted by vortexing for 
5 min in a cold room after addition of an equal volume of glass beads. 
Samples were incubated for 15 min on ice and the supernatant was 
transferred to a microfuge tube. After centrifugation for 15 min at 
10,000 rpm the supernatant (about 1.5 ml) was treated with solid 
(NH,),SO, to a final concentration of 40% (w/v) and left on a rotating 
wheel for 15 min in a cold room. After centrifugation for 
15 min at 10,000 rpm the pellet was resuspended to a final concentration 
of 5 to 10 mg/ml in 20 mM HEPES pH 8,5 mM EDTA, 20% glycerol, 
1 mM PMSF and 7 mM p-mercaptoethanol and aliquots were frozen 
in ethanol-dry ice and stored at -80°C. Protein concentration was 
determined by the Bio-Rad assay using bovine serum albumin as a 
standard. 
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2.3. Preparation of DNA probes 
A DNA fragment from plasmid pAR27 carrying the glnll upstream 
region [lo] was cleaved with P&I and AvaII (probe ‘a’) or AvaII and 
Hind111 (probe ‘b’). DNA fragments were separated by agarose gel 
electrophoresis and eluted; their 3’- or 5’-ends were labeled by using 
[a-“P]dCTP, [oz-32P]dATP and the Klenow fragment. End-labeled 
DNA fragments were separated from the unincorporated nucleotides 
by agarose gel electrophoresis, electroeluted and concentrated by etha- 
nol precipitation. 
2.4. Binding reaction and mobility shift assay 
The incubation mixture for DNA-protein binding followed, with 
minor modifications, that previously described [15] and contained, in 
20 ~1 total volume, 20 mM HEPES, pH 7.6,2 mM EDTA, 0.1 M NaCl, 
0.1 mM PMSF, 0.7 mM /3-mercaptoethanol, 10% glycerol, 2 pg of 
bovin serum albumin, 0.25 to 5 pg of concentrated protein extract, l-2 
ng of the appropriate end-labeled DNA fragment and 0.5 pg (unless 
otherwise indicated) of poly(dIdC). The binding reaction was allowed 
to proceed for 10 min at room temperature. Samples were loaded 
immediately on non-denaturating 5% polyacrylamide gels (acrylamide- 
bisacrylamide ratio 29: 1) in 45 mM T&borate pH 8.4, 1 mM EDTA, 
10% glycerol. After electrophoresis (5 mA for about 12 h at room 
temperature), gels were tixed in 10% acetic acid, dried on a filter paper 
and autoradiographed. 
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3.1. Band shif assays 
By means of gel retardation assays the interaction of trans- 
acting factors with different 32P-labeled DNA fragments from 
the glnZZ upstream region used as probes was investigated (Fig. 
1A). Probe ‘a’ (179 bp DNA fragment), in which no putative 
NtrC binding sites are observed, spans the nucleotides from 
position -494 to - 316 with respect o the transcription initia- 
tion site. Deletion of this DNA region does not affect glnZZ 
promoter activity [lo]. Probe ‘b’ (98 bp DNA fragment), spans 
the sequence from position - 316 to -219, which is essential 
for glnllpromoter activity [lo]. Sequence analysis of this DNA 
region reveals the presence of two putative NtrC-binding sites 
between positions - 260 and - 296, with a center-to-center dis- 
tance of 21 bp and therefore located on the same face of the 
DNA helix. The probes were incubated with concentrated pro- 
tein extracts prepared from strains CE3 (wild type) or 
CFN2012 (ntrC_) (Fig. 1B). No retardation band is observed 
when probe ‘a’ is incubated with extracts (1 pg) prepared from 
either the wild type or the ntrC_ strain (Fig. lB, lanes b and 
c). The protein extract (1 pg) from the wild type strain incu- 
bated with probe ‘b’ cause the appearance of retardation com- 
plexes (indicated as bi, bn and bn,). No significative retardation 
of this probe is observed with extracts (1 pg) prepared from the 
ntrC- strain (Fig. lB, lane f). When the amount of non specific 
competitor poly(dI-dC) is increased from 0.5 to 1 ,ug, complex 
bi is almost absent whereas complexes bn and b,,, are unaffected 
(Fig. lC, lanes a, b and c). At a concentration of 2 pg of 
poly(dI-dC), complex br is competed out, whereas complexes 
b,, and b,,, are unaffected (data not shown). 
3.2. The NtrCprotein causes formation of spectjic complexes 
Protein extracts from the wild type strain (1 pg) were incu- 
bated with different dilutions of a polyclonal antiserum raised 
against the R etli NtrC protein [l l] before addition of the DNA 
fragment carrying the glnZZ promoter regulatory region (probe 
‘b’ in Fig. 1). The results (Fig. 2A) clearly show that the two 
slowest-migrating complexes (indicated as b,, and bIu) indeed 
contain the NtrC protein, since new slow-migrating complexes 
a b c 
Fig. 1. (A) Physical map of the glnZI (EMBUGenbank: X67296) up- 
stream region. Restriction enzymes ymbols: P (PvuII), A (AvaII), H 
(HindIII). Numbers indicate nucleotide position with respect to the 
transcription initiation site (+l). The sequence of putative NtrC-bind- 
ing sites are shown. Double arrows indicate the DNA fragments used 
as probes (a and b) in gel retardation experiments. (B) Complex forma- 
tion between DNA fragments carrying the glnll promoter region and 
protein extracts (1 pug) from R etli CE3 (wild type) and CFN2012 
(ntrc) strains grown in minimal medium with KNO, (1 g ‘1-l) as a sole 
nitrogen source. Sources of extracts: none (lanes a and d), from strain 
CE3 (lanes b and e) and from strain CFN2012 (lanes c, f). (C) Effect 
of poly(dI-dC) (1 pg as compared. to 0.5 pg in samples of Fig. 1B) on 
complex formation with probe ‘b’. Additions to the DNA: 0.25 pg of 
protein extract prepared from strain CE3 grown with KN03 (1 g 1-l) 
as a nitrogen source (lane a), 0.5 pg (lane b) and 1 pg (lane c). 
(supershifts indicated as b’, b” and b”‘) are observed in the 
presence of anti-N&C antibodies. Moreover, these complexes 
become more pronounced when the antiserum concentration 
is increased (from 8,000- to l,OOO-fold diluted), while the 
amounts of bu and b,,, decrease concomitantly (Fig. 2A, lanes 
f to c). No supershift is observed when the preimmune serum 
was added (40-fold diluted) to the binding mixture (Fig. 2A, 
lane g). The antiserum against NtrC even at the highest concen- 
tration used (40-fold diluted, Fig. 2B lane c) has no influence 
on the fastest complex bi indicating that this complex does not 
contain NtrC. The supershift of complexes bn and bnI is also 
obtained when the antiserum is added to the mixture after the 
binding reaction (data not shown), thus indicating that the 
anti-NtrC antibodies do not prevent the NtrC-DNA complex 
formation and react with the NtrC protein bound to DNA. 
This result is not surprising because the antiserum was raised 
against the central domain of R etli NtrC protein that does not 
contain the DNA binding domain [l 11. 
3.3. Effect of nitrogen source on the ability to form DNA-protein 
complexes 
When the DNA fragment corresponding to the glnZZ pro- 
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Fig. 2. (A) Effect of an anti-NtrC serum on complex formation with 
the g&I promoter regulatory region (probe ‘b’ in Fig. 1). Additions to 
DNA: none (lane a), 1pg of protein extract prepared. from strain CE3 
grown with KNO, (1 . g 1-l) as a nitrogen source (lanes b to g), 1 ml 
of antiserum diluted l,OOO-fold (lane c), 2,000-fold (lane d), 4,000-fold 
(lane e), and 8,000-fold (lane f), 1~1 of preimmune s rum 40-fold iluted 
(lane g). (B) As in part A but with 1 ~1 of anti-NtrC serum diluted 
400-fold (lane a), 200-fold (lane b), 40-fold (lane c). 
moter regulatory region (Fig. lA, probe ‘b’) is incubated with 
increasing amounts (0.25 to 5 pug) of extracts from wild type 
cells grown on KNO,, the NtrC-DNA complexes (bii and b,ii) 
are more evident (Fig. 3A, lanes b to e) than when incubated 
with extracts from NH&l-grown cells (lanes g to j). Moreover, 
when the amount of protein extracts from KNO,-grown cells 
is increased from 2.5 pg to 5.0 pg (Fig. 3B lanes d and e), 
complex b,,, becomes more pronounced, while complex b,i de- 
creases concomitantly. 
Two major non-specific complex are observed: the first com- 
plex (b,) contains a protein(s) which bind(s) more efficiently 
when extracts are prepared from KNO,-grown cells as com- 
pared to NH&l-grown cells. As shown above, this complex is 
competed out by high concentrations of poly(dI-dC) and it is 
not affected by the anti-NtrC serum. However, it is almost 
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absent when extracts are prepared from the ntrC mutant strain 
and is regulated by the nitrogen source. These results suggest 
that this complex is due to the presence of a DNA-binding 
protein(s) whose activity or synthesis is regulated by NtrC. In 
contrast, the binding capacity of the protein responsible for the 
second non-specific complex, indicated with an asterisk in Fig. 
3A, is independent from the nitrogen source or the strain used 
to obtain the protein extracts. When a high concentration of 
protein extracts from the ntrC- strain (5 pg) grown on KNO, 
or NH&l (lanes f and k) was used, this complex (asterisk) was 
predominant. The same protein extracts prepared for gel retar- 
dation experiments were dialyzed against 20 mM Tris-HCl 
buffer pH 8.0 and used to determine the NtrC concentration 
by immunoblot analysis (not shown). In extracts prepared from 
the wild type strain the level of NtrC protein is 2-to-3-fold 
higher when cells are grown on NH&l as compared to KNO,, 
confirming previous results obtained with a different extraction 
procedure [ll]. Therefore, extracts from KNO,-grown cells 
show more efficient NtrC-binding activity, but lower NtrC con- 
centration than extracts from NH&l-grown cells. 
4. Discussion 
We report here that the R etli NtrC protein binds, in gel 
retardation experiments, to the glnll promoter regulatory re- 
gion. In this DNA region two putative NtrC binding sites were 
identified by sequence analysis (Fig. 1A) and in gel retardation 
assays two NtrC containing complexes (bii and bin) are ob- 
served. These complexes are specific, since they are not com- 
peted out by high concentrations of non-specific competitor 
and contain NtrC, since they are absent using crude extracts 
prepared from the ntrC mutant strain and are specifically su- 
pershifted when an anti-NtrC serum is added to the incubation 
mixture. Moreover, the NtrC binding activity in protein ex- 
tracts prepared from KNO,-grown bacteria is more efficient as 
compared to that found in NH&l-grown bacteria. These re- 
sults demonstrate that with this protocol it is possible to pre- 
pare proteins that in vitro show NtrC-binding activity corre- 
lated with the degree of gZnZZ transcription. This finding is in 
agreement with the current model of in vivo NtrC action which 
postulates that NtrC remains bound to its specific sites and 
abcdefghijk b c d e 
Fig. 3. Complex formation between a DNA fragment carrying the gZnII promoter regulatory re8ion and protein extracts from R etli CE3 (wild type) 
and CFN2012 (ntrC) strains grown with 1 . g I-‘of KNO, or N&Cl as sole nitrogen sources. (A) Probe ‘b’ (see Fig. 1A) was incubated. with: none 
(lane a); 0.25 pg of extract from CE3 grown with KNO, (lane b), 1 .O pg (lane c), 2.5 pg (lane d) or 5.0 pg (lane e); 5.0 pg of extract from CFN2012 
grown with KN09 (lane f); 0.25 pg extract from CE3 grown with NH&l (lane g), 1 .O pg (lane h), 2.5 lug (lane i) or 5.0 pg (lane j); 5.0 pg of extract 
from CFN2012 grown with NH&l (lane k). (B) A shorter exposure time of a portion of the same gel is shown. 
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contacts the 054-holoenzyme-promoter complex directly when 
the DNA between sites and promoter forms a loop. NtrC acti- 
vates transcription by catalyzing isomerization of closed com- 
plexes between RNA polymerase and the promoter to open 
complexes [16-171. 
In enteric bacteria all known NtrC-activatable promoters are 
preceded by two NtrC binding sites located on the same face 
of the helix. This is the case of glnAp2 [18], nijI.A [19] and 
glnHp2 [20] promoters. Since NtrC binds as a dimer to each 
NtrC binding site, it has been suggested that only the NtrC- 
phosphate tetramer is capable of activating open complex for- 
mation [16]. The presence of two NtrC-binding sites in the glnZZ 
promoter regulatory region with higher binding affinity in acti- 
vating conditions supports the notion that the same mechanism 
of NtrC-dependent transcription activation may be operative 
also in R. etli. If this is the case presumably the faster migrating 
complex b,, contains an NtrC dimer bound to a single site 
whereas complex bin contains two dimers of NtrC bound to the 
two sites. This would be a specific advantage of this method 
since it allows to detect the binding of a single NtrC dimer, 
which has been shown to be undetectable when purified pro- 
teins are used [17]. 
Phosphorylation of pure NtrC from enteric bacteria induces 
a strong cooperative binding to two adjacent NtrC binding sites 
[16]. In our gel retardation experiments (Fig. 3B) it is evident 
that with increasing amount of protein extracts from KNO,- 
grown cells, a shift of complex bn into b,,, is observed, thus 
suggesting binding cooperativity. 
In the wild type strain of R etli the level of NtrC protein is 
2- to 3-fold higher when bacteria are grown on NH,Cl as 
compared to KNO,. Therefore, extracts from KNO,-grown 
cells show more efficient binding activity, but lower NtrC con- 
centration than extracts from NH,Cl-grown cells. This different 
binding activity of NtrC and the binding cooperativity are 
probably correlated to differences in the level of NtrC phospho- 
rylation. We obtained preliminary data indicating that R. etli 
NtrC may be phosphorylated either in permeabilized cells [21] 
with [Y-~*P]ATP or in vivo with [32P]orthophosphate and that 
the level of NtrC phosphorylation is higher in KNO,-grown 
cells than in NH,Cl-grown cells (unpublished results). 
The DNA-binding activity of NtrC has been previously dem- 
onstrated only with pure components [17,22,23-251. Moreover, 
to determine the influence of NtrC-phosphorylation on its 
binding activity purified NtrB is also required. The method 
described here may be used to test the NtrC-binding activity 
using extracts of different strains mutated in components of the 
signal transduction pathway, like glnD, glnB, ntrB and ntrC, 
without purification of the proteins involved. 
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